The skeletons of birds are universally described as lightweight as a result of selection for minimizing the energy required for flight. From a functional perspective, the weight (mass) of an animal relative to its lift-generating surfaces is a key determinant of the metabolic cost of flight. The evolution of birds has been characterized by many weight-saving adaptations that are reflected in bone shape, many of which strengthen and stiffen the skeleton. Although largely unstudied in birds, the material properties of bone tissue can also contribute to bone strength and stiffness. In this study, I calculated the density of the cranium, humerus and femur in passerine birds, rodents and bats by measuring bone mass and volume using helium displacement. I found that, on average, these bones are densest in birds, followed closely by bats. As bone density increases, so do bone stiffness and strength. Both of these optimization criteria are used in the design of strong and stiff, but lightweight, manmade airframes. By analogy, increased bone density in birds and bats may reflect adaptations for maximizing bone strength and stiffness while minimizing bone mass and volume. These data suggest that both bone shape and the material properties of bone tissue have played important roles in the evolution of flight. They also reconcile the conundrum of how bird skeletons can appear to be thin and delicate, yet contribute just as much to total body mass as do the skeletons of terrestrial mammals.
INTRODUCTION
In 1638, Galileo described bird bones as hollow and lightweight, and modern textbooks state as common knowledge that lightweight bones in birds are an adaptation that decreases the metabolic cost of flight (Galilei 1638; Fedducia 1996; Evans & Heiser 2004; Freeman 2005; Gill 2007 ). Bird skeletons exhibit many highly derived features that are unmistakably associated with flight, but how these features make bird skeletons lightweight is often not stated clearly. To describe a bird skeleton as 'lightweight' implies that it is light in weight relative to some other quantity. Unfortunately, the other quantity is rarely defined explicitly, and when it is, it is often defined in different ways by different researchers. This makes it difficult to explain, especially to the general public, exactly what is meant by the statement 'bird skeletons are lightweight'.
One way in which bird skeletons are lightweight is with respect to the skeletons of their ancestors. The evolution of birds from their theropod predecessors was characterized by the gradual reduction, loss and fusion of many skeletal elements, and the expansion of pneumatized spaces within some bones (Buhler 1992; Fedducia 1996; Cubo & Casinos 2000; Dececchi & Larsson 2009) . A recent analysis of Mesozoic birds documented a progressive reduction in overall body size and attributed it to selection for increasing the efficiency of flight within the lineage leading to modern birds (Hone et al. 2008 ).
The same is true of bats, which have also experienced selection for small body size (Maurer et al. 2004) . With the possible exception of some pterosaurs (Brower 2005) , small body size (and by implication a small skeleton) is a common feature of flying vertebrates (Maina 2000) .
A second way to define bird skeletons as lightweight has been to compare the weights and sizes of homologous skeletal elements between birds and mammals. Given a bird bone and a mammal bone of the same length, the bird bone is almost always lighter (Evans & Heiser 2004) . Similarly, the bones of flighted birds are typically lighter than those of flightless and diving birds, where thicker-walled bones may serve as reinforcement or ballast (Currey & Alexander 1985; Evans & Heiser 2004; Habib & Ruff 2008) . The relationship between the size and weight of bird and mammal bones has led some researchers to suggest that bird skeletons are lightweight with respect to body volume (Buhler 1992; Fedducia 1996; Evans & Heiser 2004) . While it is true that birds appear to have larger volumes than mammals of similar weight, this is probably an illusion that can be traced to the fact that birds are infiltrated by extensive respiratory passages, and have feathers and enlarged lift-generating surfaces.
A third way to define lightweight is within the context of flight mechanics, where well-documented formulae illustrate that the cost of flight decreases with surface area and increases with body mass (Winter & von Helversen 1998; Videler 2005) . Even with their wings folded against their bodies, birds have larger surface areas relative to body mass than, for example, rodents of similar size (compare data in Walsberg & King 1978; Reynolds 1997) ; this difference can only increase when birds' wings are unfurled. Many people, both the lay public and many biologists, also assume that given a bird and a mammal of the same total body weight, the bird's skeleton weighs less. This perception is reinforced by the delicate, fragile appearance of bird bones compared with those of most mammals. However, we know that bird skeletons contribute as much to total body mass as do the skeletons of terrestrial mammals (Prange et al. 1979) . Similarly, new data collected for this study demonstrate that the same is true of skeletal mass relative to soft tissue mass (figure 1; data in the electronic supplementary material), suggesting that the weight of the skeletons and soft tissues of birds were equally affected by the reduction in body size that occurred during their evolution. This does not mean that adaptations for weight savings in the skeletons of birds do not exist, but it does highlight the contradiction between the delicate appearance of bird skeletons and their weight. One hypothesis for this incongruity is that bird skeletons are denser (i.e. have a higher mass per unit of volume) than mammal skeletons. If true, bird skeletons are not only heavier relative to their volume, but also stronger and stiffer.
The skeletons of birds (and other flying vertebrates) need to be lightweight to minimize the metabolic cost of flight, and at the same time strong enough to withstand the forces encountered during flight. The same trade-off applies to manmade airframes. Aeronautical engineers satisfy these opposing demands in two ways: by designing load-bearing structures with shapes that confer strength, and by using materials that have high strength-to-weight and stiffness-to-weight ratios. The evolution of skeletal structures follows these principles as well; both the shape of a bone and the material properties of bone tissue contribute to a bone's stiffness and strength (figure 2).
It is well known that the shape of a bone is a significant factor in mediating its strength and stiffness (e.g. Currey 2002) , and there is ample evidence that the shapes of many bird bones are associated with optimizing these qualities. For example, the round and thin-walled humeral shafts of birds are an optimal shape for resisting both torsion and bending (Alexander 1983) , and fused skeletal elements have been interpreted as increasing force resistance (i.e. stiffness; Buhler 1992) . In contrast to the many studies of bone shape in birds, the impact of the material properties of bone tissue on bone strength and stiffness has received little attention. Bone density Conceptual diagram of the contribution of bone density and shape to bone stiffness and strength for a piece of bone of a given volume and length. Bone density is proportional to bone stiffness (E) and strength (yield stress). Dense bone is stiffer and stronger than less-dense bone, but it is also heavier. The overall shape of a bone affects its stiffness (but not necessarily its strength). For example, the shape axis illustrates sections though the shaft of a long bone that range from less rigid (solid cross-section) to more rigid (thinwalled, hollow cross-section). Diagonal lines within the figure represent isoclines of stiffness and strength; a given value of stiffness and strength can be achieved by different combinations of bone density and shape. If the weight of a bone is held constant, then stiffness can be optimized by adopting a more rigid shape. If shape is held constant and the volume of a bone is reduced, increased stiffness and strength can be achieved by increasing bone density.
reflects mineral content and is positively correlated with bone stiffness (Young's modulus, E, the ability to resist deformation) and strength (yield stress, the ability to resist fracture; Currey 2002). It is also negatively correlated with toughness (ductility). Importantly, stiffness and strength scale with positive allometry so that even a small bone can be strong and stiff if it is composed of dense bone tissue.
There is reason to suspect that bird bone as a tissue is dense, despite the fact that some bird bones are hollow and thin-walled. Many bird bones are composed primarily of cortical bone, which is less porous than other types of bone and may have a higher mineral content (Hodgkinson et al. 1989; Bonser 1995) . In addition, as mentioned above, bird skeletons are not lightweight relative to total body or soft tissue mass, despite their delicate appearance. In this study I test the hypothesis that bird bones are dense and predict that, on average, bird bone is denser than the bone of mammals. If true, the skeletons of birds can be defined as lightweight with respect to strength and stiffness per unit of mass.
MATERIAL AND METHODS
I measured the densities of dry crania (skulls without the dentaries), humeri and femora from 20 families of perching birds (Order Passeriformes), 11 families of rodents and 13 families of bats (species and data in the electronic supplementary material). These bones were selected because they are the largest skeletal elements within the feeding and locomotor systems. Moreover, both strength and stiffness are arguably important to the function of skeletal elements associated with feeding (the cranium) and locomotion (the humerus and femur ; Currey 2002; Biewener 2005; Anderson et al. 2008) . I sampled perching birds because they include more than half of all living birds and are a highly derived crown group within the subclass Neornithes (Livezey & Zusi 2007) . I sampled rodents in order to compare bird skeletons with those of generalized terrestrial quadrupeds with high metabolic rates and a similar range of body sizes. Bats were sampled because they are the only other living vertebrates that are capable of powered flight and, like birds, are described as having lightweight skeletons (Hill & Smith 1984) . Any similarities between birds and bats may signify common solutions to the challenges of powered flight. I limited the sample of species to those that weigh less than 400 g in order to generate datasets that cover a similar range of body sizes (see the electronic supplementary material).
To measure bone tissue density, dry crania, humeri and femora were first stored in sealed jars with desiccant for a minimum of 24 h. Bones were then weighed to the nearest 0.001 g to estimate mass, and volume was measured to the 0.001 cm 3 via helium displacement using a gas pycnometer (Micromeritics AccuPyc 1330). Helium is a small molecule that fills spaces as small as bone canaliculi (Lievers et al. 2007) , and therefore infiltrates both small (interstitial) and large (pneumatic) spaces within the bones. The density of each bone was calculated by dividing bone mass by bone volume. For each bony element and taxonomic group, density measurements that exceeded 2 s.d. of their respective mean were identified as outliers and removed; outliers comprised 0.02 per cent of the complete density dataset. The densities of each type of skeletal element were compared among groups using single classification analysis of variance and post hoc multiple comparisons using the Games and Howell method to adjust for unequal variances (Sokal & Rohlf 1995) . Note that in most cases it was impossible to retrieve all three skeletal elements from the same individual without risking damage to the skeletal preparations. Therefore, density data for most species are based on the cranium from one individual and post-cranial elements from another.
As the pycnometer chamber was too small to accommodate complete skeletons, I could not determine the densities of all combined skeletal components from an individual in one measurement. Instead, I estimated total skeletal densities by calculating weighted means of skeletal element density for each group using the relative contributions of each element to skeletal mass as a weighting factor. Skeleton mass was measured by weighing complete, dry, degreased whole skeletons to the nearest 0.001 g (electronic supplementary material). Some skeletons had small fragments of dry connective tissue adhering to them, especially near the joints, but they appeared to occur with equal frequency in skeletons from all three groups. Complete skeleton mass, skeletal element mass and density datasets were available for 31 individual birds, allowing the calculation of 95 per cent confidence intervals around the weighted mean of skeletal density for this group. Complete datasets were available for only two individual bats and no individual rodents. For these groups, I calculated a single weighted mean of skeletal element density based on the average contribution of each skeletal element to average skeletal mass. To document the pattern of variation in skeletal element mass among birds, rodents and bats, I compared the mass of the three skeletal elements among groups again using single classification analysis of variance in conjunction with post hoc comparisons among means using a Bonferroni correction (Sokal & Rohlf 1995) . All statistics were calculated using PASW STATISTICS, v. 17.0.2 (SPSS Inc., Chicago, IL, USA). Figure 3 illustrates the skulls, humeri and femora of a representative passerine bird, a bat and a rodent, and the average contribution of those elements to total skeletal mass. While the skulls of these representative species are of roughly similar size, the humeri of the bird and the bat are, not unexpectedly, elongated relative to the rodent. The rodent's femur, on the other hand, is more robust. There were no significant differences between birds and bats in the relative contributions of the cranium, humerus and femur to total skeletal mass (p cranium ¼ 0.55, p humerus ¼ 0.82, p femur ¼ 0.26). Rodents had lighter humeri and heavier femora than both birds and bats (p 0.001). Rodent skulls were, on average, significantly heavier than those of birds (p ¼ 0.001), but not bats (p ¼ 0.18).
RESULTS
Visual inspection of the weighted means of skeletal element density suggests that bird skeletons are densest, the skeletons of bats are of intermediate density and rodent skeletons are the least dense (figure 4). The weighted mean for bats falls close to the 95 per cent confidence interval for birds; the weighted mean for rodents is much lower. These apparent differences in the average bone density are largely driven by the higher densities of the crania of birds and bats and the low density of the cranium in rodents. Cranial density differed significantly among all three groups (birds versus bats/rodents, p , 0.001; bats versus rodents p , 0.01). The femora of birds were significantly less dense than those of bats and rodents (p birds vs bats , 0.008, p birds vs rodents , 0.001), which did not differ from one another (p ¼ 0.91). The density of the humerus did not vary among groups (p ¼ 0.79).
DISCUSSION
The similarities and differences among birds, bats and rodents in the contributions of their humeri, femora and crania to total skeletal mass reflect their divergent locomotor and feeding adaptations (figure 3). The wings of birds and bats are based on elongated forelimb elements, and this is clearly illustrated by their long and relatively heavy humeri. Likewise, the heavier femora of rodents reflect the important role of the hind limb in quadrupedal locomotion. Given their huge, ever-growing incisors, it is not surprising that rodents have relatively heavy crania. Birds and bats have lighter crania, which comprise similar proportions of skeletal mass. Compared with rodents, the lighter crania and heavier humeri of birds and bats are consistent with the location of the centre of gravity between the wings.
The bone density data reported here suggest that, on average, bird skeletons are stronger and stiffer relative to their weight than are the skeletons of small mammals, especially rodents (figure 4). In other words, bird skeletons have higher strength-to-weight and stiffnessto-weight ratios. This constitutes a novel and biomechanically informative definition of the term lightweight as it applies to bird skeletons.
Despite the higher average density of bird bones, there is a variation in bone density across skeletal elements within birds, bats and rodents. There is a fundamental trade-off between stiffness and toughness (Currey 2002) ; stiff bone is brittle and prone to fracture, while tough bone is more resilient. This trade-off associated with the material properties of bone tissue is often mediated by variation in bone shape (Currey 2002 (Currey , 2003  figure 2 ). For example, long bones that are hollow and circular in cross-section are more resistant to torsion than are solid long bones with elliptical crosssections, and this is true regardless of the material properties of the bone tissue. Bones with shapes that confer strength are typically stiffer (less ductile) than bones that are structurally weaker. In the context of this study, both bone density and bone shape are important sources of strength and stiffness for the crania, humeri and femora of birds and small mammals.
The density of the cranium drives differences in the average bone density among the birds, rodents and bats in this sample. The crania of both birds and bats are significantly denser than those of rodents. The exceptional density of bird crania is particularly impressive since, unlike mammals, birds do not have teeth. Given the association between bone density and material properties, the crania of birds and bats are probably stiffer and more brittle than those of rodents. Relative to rodents, bird and bat crania may be optimized for very specific functions, perhaps associated with feeding, at the expense of resistance to loads that are unpredictable in magnitude and/ or direction. Similarly, the lower density, and therefore higher ductility, of rodent crania may be linked to their gnawing habits.
In contrast to their crania, the densities of the humeri of birds, rodents and bats are relatively constant. This indicates that specializations in shape are the primary means by which bird and bat humeri maintain the stiffness and strength needed to resist the loads that occur during flight (Swartz et al. 1992; Biewener & Dial 1995) . The humeri of bats and flighted birds tend to be round in cross-section and thin-walled (Currey & Alexander 1985; Swartz 1997 resistance to torsional loads (Alexander 1983; Swartz et al. 1992) . The femora of birds are also known to experience torsion during bipedal locomotion (Carrano & Biewener 1999) , and this is reflected in the round and sometimes thin walls of the femora in many species (Currey & Alexander 1985; De Margerie et al. 2005; Habib & Ruff 2008) . Interestingly, bird femora are less dense than those of bats and rodents. For the perching birds sampled here, low density perhaps provides durability (via increased ductility) in the face of unpredictable loads encountered during launching, landing, perching on unsteady substrates and bipedal locomotion. Despite regional variation in bone density, bird bones are, on average, denser than the bones of similarly sized mammals, and are therefore probably stiffer and stronger relative to their weight. This suggests that increased stiffness and strength per unit of mass of bone tissue is one of the many ways in which bird skeletons are lightweight. The higher average density of both bird and bat bones relative to the bones of rodents suggests that increased bone density is associated with flight. Perhaps increased bone density is related to the evolution of small body size in both bird and bat lineages (Maurer et al. 2004; Hone et al. 2008) . Body size in living birds and bats approaches the theoretical limit predicted by the balance between the mechanical power required for flight and the capacity for metabolic output (Maina 2000) . Figure 2 helps to demonstrate how selection for small bodies, and therefore absolutely small skeletons, could be related to increased bone density. For a bone of a given volume and length, bone stiffness and strength can be maintained via a trade-off between bone density and shape. However, bone density must increase in order to enhance bone strength and stiffness in absolutely smaller bones of the same shape. Rigorous testing of this idea will require detailed knowledge of bone size, shape and density among fossil taxa that span the transition to flight. It would also be of interest to look to pterosaurs for evidence of a similar trend.
High bone density contributes to high strength-toweight and stiffness-to-weight ratios, and is one of the ways in which bird skeletons are lightweight. In addition, they are also absolutely smaller than those of their ancestors, support bodies that have high surface-area-to-mass ratios and exhibit gross morphological characteristics that confer strength and stiffness (thin-walled long bones with round cross-sections, fused elements, etc.). Importantly, this study helps to dispel the common misconception that bird skeletons are lightweight relative to body mass. Bird (and bat) skeletons have the appearance of being slender and delicate but are still relatively heavy because, on average, the bones are dense.
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